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Abstract 
Since the beginning of the new millennium, various ideas and methods of measuring road network vulnerability have been 
proposed in the field of transportation and infrastructure engineering. However, most of the existing measures have been 
focusing on large road networks like highways between cities, even though urban networks are equally important. Also, the 
measures require full microscopic simulations for deriving the value of travel time increase, which is used for predicting 
network performance in case a disaster situation occurs. In order to overcome such issue, this study provides a new 
evaluation method for vulnerability of urban road network based on the concept of macroscopic fundamental diagram (MFD). 
We call such measure as MFD-based Vulnerability Index (MVI), which is derived by comparing the MFD behaviours in 
normal condition and event condition, in which one or more links of a road network are failed by a disaster. For testing the 
measure, a simulation study based on the road network of Gangnam district, Seoul, South Korea is provided. The results 
show that the measure can help us investigate the different patterns of network performance loss by different traffic states. 
This work provides a different perspective of investigating road network vulnerability. 
© 2015 Sunghoon Kim and Hwasoo Yeo. Published by Elsevier Ltd. Selection and/or peer-review under organizing 
committee of I3R2 2015 
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1. Introduction 
Road networks are critical infrastructures, because road transportation encompasses logistics, 
business travels, and commuting to work. So, if a road system is disrupted by external forces like 
disaster, it would negatively affect the cost of traveling for road users. In this context, planning proper 
management strategies for repair works for road links in a network is a crucial issue, in order to 
minimize the system’s performance loss at the stage of post-disaster. Therefore, appropriately 
measuring the vulnerability of road network has to be done, because such information would give 
useful information while planning the management strategies for minimizing the road system’s 
performance loss. 
The early studies related to road network disruption tried to define the vulnerability of road 
networks (Berdica, 2002; Chen et al., 2002; Du and Nicholson, 1997). Since then, there have been 
several studies that attempted to provide the method for assessing the network performance in terms of 
vulnerability or robustness (Berdica and Mattsson, 2007; Chen et al., 2007; Jenelius et al., 2006; Scott 
et al., 2006; Sohn, 2006; Taylor et al., 2006). The common process of their works is that they run 
simulations to predict the performance loss when a component of road network is disabled. Under a 
given traffic demand, they intentionally disable the network component  (mostly road links)  
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the traffic properties like travel time increase, reduced flow, and density distribution. They provided 
indices of vulnerability or component criticality based on the observed properties. 
There are three common features that can be observed in the previous studies. First, they all used 
static traffic demands, which were derived with the daily or annual average traffic volume. So, the 
changes in traffic demand over time during a day were not applied to their simulations. In this way, we 
cannot see the changes in the performance of network by time. The vulnerability of road network may 
be different by time period of a day due to different traffic states like free flow and congestion. 
Arranging exactly when to execute the repair actions during a day is the important in maintenance 
planning. So, in this context, vulnerability measurement under certain condition like traffic state 
should made. Second, the previous studies applied their indices to large networks like highways 
connecting cities. Some of them were designed to use the population of cities as the essential factors 
affecting the values of indices. These approaches have limited applicability to small networks like 
urban streets, because in urban networks, a node is an intersection that cannot have the population 
value. To use such indices for urban networks, the OD demand for the network has to be estimated 
based on path assignment techniques. Such additional processes would lower the efficiency of the 
entire process of predicting network performance. Third, most of the exiting indices were mainly 
expressed with the increased travel time. It is because of that travel time has been generally accepted 
as the attribute representing the road performance. However, if we are to carry out a sub-network 
analysis, another simulation on the sub-network has to be run to get the travel time-based vulnerability 
measures. So, the travel time-based indices have a disadvantage when analyzing various aspects 
within a given network. On the other hand, if we use the flow values only of the given sub-network, 
we can easily predict the sub-network’s performance without running additional simulation. Also, with 
the flow values, we can observe the behavior of the traffic demand distribution over network, which 
can be very useful in understanding various traffic phenomena when a component is disabled. 
Therefore, this study proposes a flow-based vulnerability measure for urban road networks. Such 
index uses the macroscopic fundamental diagram (MFD) as the basic concept, which relates the space-
mean flow and vehicle accumulation of a road network. Since the earliest studies on such concept 
were practiced (Daganzo, 2007; Geroliminis and Daganzo, 2007; Geroliminis and Daganzo; 2008), 
many subsequent studies have been trying to develop the applicability of the concept (Buisson and 
Ladier, 2009; Cassidy et al., 2011; Geroliminis and Sun, 2011; Knoop et al., 2013; Mazloumian et al., 
2010). A well-defined MFD can represent the network flow as a function of vehicle demands. The 
network flow represents the network performance, because it means how well vehicles are distributed 
over a network for their movements. So, the knowledge of MFD makes the road managers expect 
which demand level would result a proper network performance. With the expectation, they can 
improve the resilience of a road network by maintaining proper mobility by controlling the demand for 
the network at the stage of post-disaster. 
The proposed index, which is called MFD-based vulnerability index (MVI), is derived by 
comparison analysis on the MFD behaviors in each normal and event condition, in which one or more 
links of a road network are failed by a disaster situation. By using the features of fundamental diagram 
of traffic, the network performance change can be seen by different traffic states. 
Section 2 provides the methodology of applying the MFD concept to the vulnerability index, and 
Section 3 describes how simulation work is done for testing the proposed idea. Section 4 shows the 
results of the MFDs in normal and event situations including the estimated values using the proposed 
vulnerability index. Then, Section 5 concludes the paper with some suggestions for further studies. 
2. Methodology 
2.1. Basic idea of using the MFD 
As the purpose of observing the MFD, we can monitor the state of traffic on a road network section 
not only when there is congestion, but also when an extreme event, such as natural disaster or terrorist 
attack, has happened. When a disruptive event occurs, the vulnerability measure for the performance 
of a road network system can be found using this monitoring-purposed diagram. 
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and this would influence the local traffic. Such influence is what we need to see for evaluating 
network performance.
The traffic density of inside an entire road network section under normal circumstances (no 
disruptive event) can be defined as 
݇ேǡ௜ ൌ ܣேǡ௜ ܮ௜Τ Ǥ (1) 
Then, the outflow exiting an entire road network section under normal circumstances can be defined 
as 
ݍே ൌ σ ݍேǡ௝
௃
௝ ܬൗ ǡ (2) 
where j represents each road link that leads vehicles to exit the given network section, J is the total 
number of the exiting road links, and ݍேǡ௝is the inflow of vehicles entering a exiting road link, which 
actually represents the outflow leaving the road network section through the exiting link under normal 
situation.
Then, the traffic density of inside an entire road network section when an extreme event occurs and 
one or more road links are disrupted can be defined as 
݇ா ൌ σ ݇ாǡ௜ூ௜ ܫΤ ൌ ൫σ ݇ாǡ௦ௌ௦ ൅ σ ݇ாǡ௙
ி
௙ ൯ ܫΤ ǡ (3) 
where ݇ாǡ௜ is the traffic density inside a road link i under extreme event situation. Note that s is the 
each survived road link from the extreme event occurrence, S is the total number of the survived road 
links, and ݇ாǡ௦ is the traffic density inside each survived road link. Note as well that f is the each road 
link that failed to survive from the extreme event occurrence, F is the total number of the failed road 
links, and ݇ாǡ௙ is the traffic density inside each failed road link, which eventually would become zero 
after the event occurrence. As we can interpret from the formula above, I = S + F and σ ݇ாǡ௜ூ௜ ൌ
σ ݇ாǡ௦ௌ௦ ൅ σ ݇ாǡ௙ி௙ .
The traffic density on a road link under extreme event situation, ݇ாǡ௜ǡ can be derived from dividing 
the directly measured accumulation on the link by the length of the link, and it can be expressed as 
follows.
݇ாǡ௜ ൌ  ቊ
ܣாǡ௦ ܮ௦Τ ǡ ݂݋ݎ݈݈ܽݏ
ܣாǡ௙ ܮ௙Τ ǡ ݂݋ݎ݈݈ܽ݂ǡ
 (4) 
where ܣாǡ௦  is the accumulation in each survived road link under extreme event situation, ܮ௦  is the 
length of each survived road link, ܣாǡ௙  is the accumulation in each failed road link, and ܮ௙  is the 
length of each failed road link. Also note that σ ܣாǡ௜ூ௜ ൌ σ ܣாǡ௦ௌ௦ ൅ σ ܣாǡ௙
ி
௙ , where ܣாǡ௙ is zero, and 
σ ܮ௜ூ௜ ൌ σ ܮ௦ௌ௦ ൅ σ ܮ௙
ி
௙ .
Then, the outflow exiting an entire road network section under the circumstances due to an extreme 
event occurrence can be defined as 
ݍா ൌ σ ݍாǡ௝
௃
௝ ܬൗ ǡ (5) 
where ݍாǡ௝is the inflow of vehicles entering a exiting road link, which actually represents the outflow 
leaving the road network section through the exiting link under extreme situation. Even though an 
extreme event happens, the situation does not affect the exiting road links, because such links exist 
outside the given road network section. 
This method of using the MFD for vulnerability measure, in fact, does not consider the weight of 
each OD pair inside a road network. This is certainly a different approach from the previously 
proposed methods (Jenelius, 2007; Jenelius, 2010; Jenelius and Mattson, 2012; Jenelius et al., 2006; 
Sohn, 2006; Taylor and D’Este, 2004; Taylor et al., 2006), which are all sensitive to the changes in 
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two evaluation-purposed speed values should be derived at the same traffic density, but at the different 
outflow values that are affected by different situations (normal and extreme event), as shown in Fig. 4. 
Using these speed values can be useful when trying to derive the average travel cost (travel time) of 
the network, given that we know the travel distance values. Note that the figure is just a theoretical 
illustration, in which the shape from the simulation result may vary by given situation. The MFD 
observed during normal situation and the one collected during extreme event situation are denoted as 
“normal line” and “extreme line,” respectively in the figure. 
The MFD under normal situation is fixed, as it is already proven to be independent of traffic 
demand by previous studies (Geroliminis and Daganzo, 2007; Geroliminis and Daganzo, 2008), 
including the simulation study in this paper. The MFD under a given extreme event situation behaves 
in the same manner. The network speed values under both normal and extreme situations are derived 
by using the outflow and density values at specific traffic density k.
The MFD-based vulnerability index (MVI) of a road network can be defined as 
ܯܸܫ ൌ ቂσ ቀ௩ಿሺ௞ሻ
௩ಶሺ௞ሻ
െ ͳቁ௞ಶǡ೘ೌೣ௞ ቃ ݇ாǡ௠௔௫ൗ ǡ ݂݋ݎ݇ாǡ௠௔௫ ൏ ݇ாǡ௝௔௠ǡ (8) 
where k is the discretized traffic density, ݇ாǡ௠௔௫ is the discretized maximum value of traffic density 
under extreme event situation, and ݇ாǡ௝௔௠ is the jam density under event situation. ݇ א ܰ, and ܰ is
the set of all positive integers. As we can see from the formula, the MVI value is the average value of 
the ratio of ݒேሺ݇ሻ over ݒாሺ݇ሻ at all density value k, meaning that its value considers all the regions of 
traffic states, such as unsaturated, saturated, and oversaturated regions. 
The subtraction of one from the ratio of ݒேሺ݇ሻ over ݒாሺ݇ሻ in the formula is necessary to express the 
vulnerability as zero, particularly when the evaluated speeds at both situations are the same, such as 
when the network traffic density value is in the unsaturated region and the slopes of both normal and 
event situations are same. The vulnerability under such condition should be considered as zero.  
The value of ݒாሺ݇ሻ becomes zero, if݇ாǡ௠௔௫is equal to ݇ாǡ௝௔௠. In this case, the formula becomes an 
undefined function. However, such case hardly happens in the real world traffic, particularly in urban 
road networks where there are signal controls unlike highways. Therefore, the consideration on that 
matter is neglected in the proposed index.  
Note that the formula is a discrete function in which the values of the density are discretized for the 
evaluation purpose in the following section. If subsequent studies can settle the way of finding out the 
exact values of outflow and density values, we can avoid using the discretized values, which are just 
estimated values. A continuous function of the MVI can be settled to evaluate more precise 
vulnerability measures, and this could be done after such work is practiced. So, for now, we can use 
this discretized formula of the MVI.
3. Site, scenarios, and data of simulation study 
The simulation study site is Gangnam district, which is located in the southeast of Seoul, South 
Korea. It is one of the busiest areas in the city, and severe level of traffic congestion occurs at every 
morning and evening peak hours. The size of the selected network section is approximately 16 km2.
The north and east of the section are connected with several bridges, and the national highway is 
located along the west side of the section (blue line in the figure). The south of the section leads 
outside the city of Seoul. The section consists of local streets and urban roads. Local streets are small 
and lead to residential areas, and most of them have only one lane in each direction. Urban roads are 
bigger than the local streets and they have more than two lanes in each direction. Particularly, the 
urban roads are structured to form almost a grid-shaped network. 
The 7.0 version of the AIMSUN program (TSS, 2012) is used for the simulation work. The real map 
of the study site is shown in the left-hand side figure of Fig. 5, and the right-hand side figure is the 
loaded map of the study site using the simulation program. The yellow-colored roads on the real map 
are the highway road links, which are excluded from the simulation work. The assigned link IDs are 
shown in the loaded map. There are total 46 nodes, 25 in/outbound links, and 79 road links inside the 
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viewing dynamic traffic state. Each OD pair takes the shortest path. The total number of vehicles at 
each 30min period increases, and it is set in this way is to obtain as much as information on each of 
free flow, transition, and congestion state, when observing the MFD line later. We do not care the 
recovery or reloading of traffic, because we only need one-time traffic loading to see the maximum 
capability of the network for each density value.  
Table 2. Simulation scenarios 
Scenario Situation Disabled Link ID(s) 
Scenario 1 Normal None 
Scenario 2 Disruptive event Link 27 
Scenario 3 Disruptive event Link 37 
Scenario 4 Disruptive event Link 22, 27, 28, 33 
To derive a sufficient way of measuring the performance loss of the network, it is necessary to 
observe the common behaviors of the MFDs as different situations are given. Therefore, eight 
different simulation scenarios are set to observe the MFDs in different cases. Each scenario is 
described in Table 2 to show the differences at a glance. For scenario 1, which is the normal case, 
there is no disruptive event and no road link is disabled in these cases. Scenarios 2 and 3 are the cases 
of when single link is disabled, but a different link is disabled at each case. In scenario 4, multiple 
links are disabled. These failed multiple links form a block of the network, so it means that an extreme 
event has affected the whole block inside the network as shown in Fig. 7. Three replications are done 
for each scenario. The simulated database having flow of each detector, density, vehicle accumulation, 
and travel time on each link are collected at every 5 minutes. 
4. Results 
4.1. MFD results 
Fig. 8, 10, and 12 are the MFDs of scenarios 2, 3, and 4, respectively, and each of them are 
compared with the one of scenario 1, which is the result of the normal situation. In the cases of single 
link failure (scenarios 2 and 3), the outflow values are definitely affected due to the link failures, but it 
is difficult to see how much of them have been reduced due to the scattered data points. So, as in Fig. 
9, 11, and 13, the outflow values within each density sector that has a range of 1.0 veh/km are 
averaged to derive the representative outflow values at every 1.0 veh/km. 
The changed shapes of the event scenarios can be viewed based on the reduced network flow in 
each saturated, oversaturated, and unsaturated regions, compared to the MFD of scenario 1. It is not by 
much, but still, we can see that the saturated network outflow (maximum network outflow) of each 
case is reduced due to a road link failure. For both scenarios 2 and 3, the saturated network outflows 
are about 1180 vehicle per hour, where the value is about 1230 vehicle per hour under normal situation. 
Compared to the single link failure cases, it shows much greater difference in the saturated outflow 
value, when multiple road links are failed. We can see that the saturated network outflow (maximum 
network outflow) of the case is reduced by a lot compared to the single link failure cases. For scenario 
4, the saturated network outflow is about 950 veh/hr, where the value is about 1230 veh/hour under 
normal situation. The reason why the saturated outflow is reduced is related to the linear relationship 
between the travel production and network outflow (Geroliminis and Daganzo, 2007; Geroliminis and 
Daganzo, 2008). As one or more links are disabled inside a network, the flow values of the disabled 
links become zero, and they are still counted when averaging the travel production inside the network. 
This causes the travel production to be reduced, and since travel production and network outflow are 
linearly related, the network outflow would be also reduced. The amount of reduced outflow compared 
to number of disabled links should be analyzed in the subsequent studies to see if they have a linear 
relationship or they have one in higher order. Regardless the reduction of the maximum saturated 
network outflow, the critical average density of the network, where the traffic state goes from 
saturated to oversaturated region, seems to stay the same with the value of 54 veh/km, for all normal 
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unsaturated, the traffic is not in free flow state anymore. In other words, the transition from free flow 
to congestion starts early. These reduced outflows in unsaturated region are the evidences of the local 
influence due to road link failures. 
When we view the oversaturated region (density approximately above 50 veh/km), for all single and 
multiple link failure cases, the outflow values at corresponding density values are reduced. For 
scenario 2, the maximum outflow difference of the region is 342 veh/hr when density is 98 veh/km. 
For scenario 3, the maximum outflow difference of the region is 300 veh/hr when density is 8 veh/km. 
For scenario 4, the maximum outflow difference of the region is 452 veh/hr when density is 96 veh/km. 
The maximum density values are 100, 91, and 96 veh/km for scenarios 2, 3, and 4, respectively, where 
the value is 119 veh/km for scenario 1. Even though all scenarios do not show the jam density values, 
the value of each scenario can be intuitively and approximately predicted. All the event cases show 
that the jam density values are reduced due to link failures. 
Such results are encouraging, because they show that the MFD comparison analyses can help us 
investigate the different patterns of flow reduction by different traffic states. The vulnerability of road 
links may differ by time period during a day, meaning that it would be different by different traffic 
states. Based on the vulnerability value, deciding exactly when to take repair actions during a day is 
the most crucial point in operation planning. So, in this context, investigating the network performance 
loss (by examining the network flow reduction) at each different traffic state would give greater 
awareness to the road system managers.
4.2. MVI results 
The proposed MVI is now applied to the simulated scenarios. The representative data is used for 
such evaluations for scenario 2, 3, and 4. The resulted evaluations are presented in Table 3. Scenario 4 
can be easily identified as the most vulnerable case out of all the scenarios by just looking at the MFD 
presented in Figure 13 of the previous subsection. Thus, as expected, the MVI value of this simulated 
scenario shows the greatest value of all. In the cases of single link failure, scenarios 2 and 3, it is 
difficult to find out which case is more vulnerable by just looking at the graph. However, MVI shows 
different values. The values are close to each other compared to the MVI of scenario 4, but they show 
a fine difference even if their MFDs show similar shapes as in Figure 9 and 11. Therefore, this index is 
sufficient that it can catch even a small difference in MFD shapes. 
Table 3. Evaluation with MVI for each simulated scenario 
Scenario Situation Disabled Link ID(s) MVI 
Scenario 1 Normal None 0.0000 
Scenario 2 Disruptive event Link 27 0.1029 
Scenario 3 Disruptive event Link 37 0.0872 
Scenario 4 Disruptive event Link 22, 27, 28, 33 0.3729 
As just shown in the comparison between scenarios 2 and 3, which are the cases of when link 27 and 
37 are disabled, respectively, since the MVI value of the failure of link 27 is greater than the other, 
link 27 is considered to be the more critical road link within the selected road network. Using the MVI 
values, the criticality of each road link inside the network can be found, and the most critical road link 
is then the one resulting the greatest MVI value when it is disabled. If it is developed further, this new 
index may later become a monitoring tool that can be useful for risk analysis and management in road 
network systems under extreme events.
5. Conclusion 
A new index of urban road network vulnerability is introduced in this study. Such index uses the 
concept of macroscopic fundamental diagram (MFD) as the main methodology. The index is derived 
by comparison analysis between the behaviors of MFDs in normal and event situations.  
This flow-based measure can show performance losses of road network by different traffic states, 
whereas the previous studies do not consider such matter whether the network’s traffic state is free 
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flow or congestion. Since arranging exactly when to execute the repair actions during a day is the 
important in maintenance planning, the proposed method can provide greater awareness to the road 
system managers. Another advantage of applying this flow-based index is that we do not require a full 
microscopic simulation works for predicting the performance of road network in case of disaster. With 
this index, the performance can be predicted with the data collected from vehicle detectors that are 
already installed in road infrastructures. It is also possible to monitor the performance of road network 
in real-time. Thus, using the flow-based index for urban road networks would be more proper for 
predicting and monitoring the performance of the network. 
However, there are some further things that should be carried on as the reflection of some 
limitations of this work. The proposed method is made based on urban road network, so, it may not be 
suitable for large networks like highway systems. The proposed index should be developed more in 
order to widen the range of applicability. Also, the relationship between the flow reduction in the 
MFD and the increased travel time that were used in previous studies has to be investigated. In order 
to use the flow-based index instead of the travel time-based indices, the correlation between the two 
must be shown as well.
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